The question which prompts the present work is: "How can the concept of the plant cell as an osmometer with semi-permeable walls be justified, when solutes may enter the plant cell vacuole?" Textbooks of plant physiology and physical chemistry treat osmosis in detail only for equilibrium conditions and non-diffusible solutes. To extend the quantitative treatment to the case of a diffusible solute we must abandon the equilibrium approach and study the problem dynamically. We introduce the dynamic approach by applying it to the classical cell osmometer; then we proceed to the case of a diffusible solute.
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DYNAMICS OF THE CLASSICAL CELL OSMOMETER: We use the following symbols:
V, cell volume (cm3). VO, cell volume at zero turgor pressure. v = V/Vo -1, relative departure of cell volume from VO. A, external surface area of cell (cm2). AO, value of A at zero turgor pressure. P, osmotic pressure of cell contents (in the sense of Meyer (14) , i.e., as a concentration-dependent property of the solution, independent of the hydrostatic system) (atm). T, turgor pressure (atm). [Broyer and others (4, 21, 22, 27) have shown the general equivalence of T and "wall pressure," and that it is a mistaken over-emphasis of an infinitesimal second-order effect to dwell on the distinction between them (6)]. Kw, permeability of cell wall to water (cm sec-1 atm-1). t, time (sec).
We suppose that, initially, T = 0, and P = PO, and that the solutes in the system are non-diffusible. If the cell is now placed in free water, water will enter the cell until the (increasing) turgor pressure becomes equal to the (decreasing) osmotic pressure. The dynamics of this process is described exactly by the equation.
dV/dt = KwA[P -T]
(1) subject to the initial condition t = 0, V = VO (2) Quite generally, K,, A, P and T are functions of V.
If these functions are known, equation 1 may be integrated. If experimental values of these functions are used, numerical integration will generally be necessary.
This presents no great difficulty, but it is simpler to use certain approximations which enable the problem to be solved analytically.
A increases with V (in fact A A,(1 + 2v/3) for isotropic swelling and shrinking) and K, may vary with V (e.g., (2) ). This is unlikely to change the order of magnitude of K,A, which affects the time scale of osmometer dynamics, though not its general character.
We therefore simplify the analysis by taking K,A as constant and equal to K,A0.
If we take P proportional to solute concentration (as it is to a first approximation) P = POVO/V = P0/(l + v) ( 
3)
If we assume that change of cell volume is proportional to change in turgor pressure, we have for the
The elastic modulus, E, corresponds to the "coefficient of enlargement" of Broyer (5) . As Broyer states, e is not strictly constant for perfectly elastic cell walls, except for infinitesimal volume changes. Since the assumption that the wall obeys Hooke's law is, in any case, an approximation (9), it seems permissible to adopt e as constant in the present analysis.
We recognize that, in real plants, marked deviations from the linear T (v) relation to be used here may occur. In this sense the present work may be considered a first approximation. Essentially similar results would follow from a more precise, though more elaborate analysis along the same lines in which non-linearity in T(v) was taken into account.
The existence of a unique T(v) function implies, however, that the cell volume changes are elastic. Obviously, the plastic, irreversible, deformations associated with cell elongation are beyond the scope of the present treatment, though it may prove possible to include these in a similar, but more complicated, analysis. Insofar as our special concern here will be with cells at low levels of turgor, this is not a serious limitation.
Using equations 3 and 4 in equation 1 In the present case, however, "osmotic" equilibrium would require that the applied pressure difference vary in accord with changes in concentration produced by diffusion of the solute. The question arises as to whether the "osmotic pressure" depends only on the concentrations of solute or whether it is influenced by the permeability of the membrane to the solute. An argument similar to that given by Ostwald (quoted in (10) ) to demonstrate the equality of the osmotic pressures developed by all ideal membranes shows that the transient osmotic pressures we examine here also depend only on the solute concentrations. The viewpoint of Hildebrand (12) that osmosis "is primarily a consequence of the tendency of two different liquid species, under the impulse of thermal agitation, to achieve a state of maximum disorder by any available path, and that the route via osmosis is no more significant theoretically than one via the vapor state" leads to the same conclusion.
CELL 
Then, for P1, Pd proportional to c1, c (as they will be to a first approximation) equation 12 becomes
Now Pd = 0 at t = 0, so Pd is given by the particular integral of equation 13, Pd=Pl-[ e P(t)o (14) Usingf equation 14 -(e + PO)v] (15) which is subject to the initial condition t = 0,v = P,/(E+PO) (16) Numerical solutions of equation 15 Let us interrupt the previous cycle of operations on the cell at the point where it has reached equilibrium with free water (C of fig 3) . We now suppose that a diffusible solute is introduced continuously into the water, so that, at any time, t, the osmotic pressure of the external solution is at.
The equation governing the increase of osmotic pressure of the cell contents due to the entry of diffusible solute is again equation 13. P1 is not constant here, but is equal to at, so that we have
The particular integral of equation 17 which vanishes for t = 0 is: 16 20 It is found that, if these ions are treated as nondiffusible while they remain bound, but as diffusible once the cell is placed in the large body of electrolyte solution, the analysis developed above predicts the final equilibrium osmotic pressure of the cell contents with a fractional error of about P12/8 P1(P0 + P,). This is clearly small if Pi is rather less than P1 and P0. Thus, for PO = 15, P1 = 5, Pi = 2, the error is 1/200.
The Donnan phenomenon produces a much greater effect on the concentrations of the individual ionic species than on the total concentration, which is the significant quantity influencing osmotic pressure.
The question of how the Donnan phenomenon affects the dynamics of approach to equilibrium is somewhat obscure. Diffusion rates of electrolytes (or their ions) through membranes may well be of the same order of magnitude whether Donnan effects are present or not. If so, the overall dynamic picture presented above remains relevant in the presence of the Donnan phenomenon.
OSMOMETER ANATOMY AND REAL PLANT CELLS: In this study the model we have used is the classical cell-osmometer, with the complication added that certain solutes are free to diffuse through the cell wall. Wadleigh (25, 24) . Lower broken curve-according to Walter (26) . Solid curves-behavior indicated by present theory for cases A and B. of denotes value of at failure of liquid continuity between soil water and root cell. In the mature vacuolated plant cell, there are, as well as the wall and the vacuole, the plasmalemma, the cytoplasm and the tonoplast. Either of the membranes may operate as the effective resistance to the passage of water or of a particular solute; the cytoplasm itself may provide a significant resistance, or may have osmotic properties distinct from those of the vacuole.
A model sufficiently complex to include all these effects could be developed. However, the number of parameters in the system would be large, and the analysis cumbersome, even though the general results would not differ greatly from those we have obtained here for a simpler model. Nevertheless, there are points where some ambiguity arises when we apply the classical model to real plant cells.
Thus we have, throughout, referred to cell volume and cell contents, though we recognize that, where the effective barrier is the tonoplast, it would be more appropriate to work with vacuolar volume and vacuolar contents. The question of how cell volume varies with vacuolar volume raises such matters as change in cytoplasm volume, and the means of transmission of turgor from the cell wall across the cytoplasm to the vacuole. Further, we have referred all permeabilities to cell surface area, though, where the barrier between the external solution and the vacuole resides away from the cell wall, a smaller area (nevertheless, of the same order of magnitude) should, strictly, be used.
SOLUTE DIFFUSIBILITY AND PLANT WATER ECON-OMY: In the real plant, both concentration gradients and effective diffusion cross-section per cell may be less than for the single cell, so that one can expect the effects of solute diffusibility to be somewhat retarded. However, with this qualification, the present analysis appears to be pertinent, and we conclude that solute diffusibility exerts a real influence on the water balance of whole plants. Maximov (13) quotes work by a number of investigators which supports our analysis and this conclusion. Thus Renner added 1 % KNO3 to water cultures of beans, and found that absorption of water was immediately reduced, but that subsequently absorption became more rapid, the plant apparently adapting itself to the change in solution. Monfort observed that a sudden increase in concentration of the external solution caused a temporary cessation of guttation; guttation was subsequently renewed, finally increasing above the original level. Ursprung and Blum found that immersion in concentrated solutions increased the suction pressure of the cells in the absorbing zone of the root. All these experiments follow the course predicted in figure 2 , though it is possible that some other effect, such as increase in membrane permeability, operates where the final uptake rate is in excess of the initial one.
Also significant are the experiments of Rybin. After immersion of plant roots in salt solution had reduced water uptake to about half its normal value, the solution was suddenly replaced by pure water. There was an immediate increase in absorption to about 1.5 times the normal rate. On continued immersion in the water, the absorption rate approached its initial value. Sabinin observed similar phenomena. These experiments follow the course predicted in phases CDE of figure 3 , if we regard the observed absorption rate as proportional to the difference in diffusion pressure deficit between the root cells and the solution.
The concept of "physiological dryness" (20) in saline soils has had a long currency in the literature of plant ecology. This viewpoint presupposes that the plant behaves as an ideal osmometer. The osmotic pressure of the soil water due to the soluble salts of the soil (which are diffusible through the plant membranes) is envisaged as opposing the entry of water into the plant via the root system. Wadleigh (25, 24) has used the "total soil moisture stress," defined as the sum of the tension and the osmotic pressure of the soil water, as a measure of the diffusion pressure deficit which must be exceeded in the epidermal cells of plant roots before water may be absorbed by them. Expressed thus, the concept is unexceptionable. However, the concept would seem to be of use only if the external electrolyte fails to diffuse into the cells of the root.
The analysis of solute diffusibility presented here indicates that the concept of salt-induced "physiological dryness" may not always be soundly based. Since, in nature, the osmotic pressure of the soil water is unlikely to change at rates much in excess of the 1 atm per day assumed in the numerical example above, it appears that the direct osmotic effect on plant water uptake is unlikely to be large, provided that liquid phase continuity between the soil water and the root surfaces is maintained. (We discuss this proviso below.) The basis of the deleterious effect of soil salinity in fairly moist soils may need to be sought elsewhere. It is possible that in such cases symptoms which have been interpreted as due to "physiological drought" have in reality been caused by the entry of diffusible solutes in toxic quantities.
Study of the movement of soil water to the absorbing root system (18) indicates that, during transpiration, large moisture gradients may develop near the root surfaces. As a result, even at fairly high mean soil moisture contents, the soil immediately adjoining the absorbing surface may become so dry that the final transfer of water to the root must take place in the vapor phase (17) . The failure of continuity may be aggravated by the shrinkage of the root cells as they lose turgor in a drying soil. The vapor gap produced operates as an ideal semi-permeable membrane. Thus, a moderately dry soil, combined with meteorological conditions which impose a high transpiration rate upon the plant, may produce a situation in which the concept of "physiological drought" becomes relevant.
Walter (26) states, "Formerly it was assumed that salty soils, through the osmotic effects of the salts, are physiologically drv for plants. But this osmotic effect is balanced by the intake of salts." Walter gives no qualification or further explanation of this statement. This total rejection of the physiological drought concept, like its total acceptance, appears to be incorrect. His statement might, however, be accepted by persons working with water cultures. In these no continuity problem arises, and experiment tends to confirm the analysis developed here (13) .
The possibility of solute diffusibility makes the term "effective soil moisture stress" useful. We define it here as the minimum value of (Pn -T) in the root cells necessary to produce movement from the soil into the plant. It will be recalled that Pn is the osmotic pressure of the cell contents due to non-diffusible solutes. Now, since diffusible solutes may be present in the root cells as well as in the soil water, we may write, quite generally, *1 = * + Pl -Pd (22) where V' is the effective soil moisture stress (atm), and ' is the soil moisture tension (atm shown that solute diffusibility may result in marked deviations from classical behavior. Where Donnan membrane phenomena are operative, the analysis needs modification, but the gross character of the dynamic behavior remains similar. The "physiological drought" theory of the influence of soluble salts in the soil on the water economy of plants depends on their non-diffusibility. On the other hand, Walter (26) states, "the osmotic effect is balanced by the intake of salts." Neither view seems wholly correct, since both solute diffusibility and liquid phase continuity may be important factors.
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LITERATURE CITED
Inferences are often drawn about the osmotic behavior of pieces of tissue composed of an aggregation of cells, or even of whole plants, by reference to the classical single cell osmometer. Treating the aggregate as an individual introduces no error when the system is in internal equilibrium. However, in the dynamic problems of interest to the physiologist, this is not the case.
We consider first the behavior of a linear aggregation of cells, as shown in figure 1 . The cells are identical in the sense that, at zero turgor, their dimensions, and the osmotic pressure of their contents, are equal, and that the elastic and permeability properties of their walls and membranes are equal. A is the effective area of wall available for the passage of water between adjoining cells (cm2), K is the permeability of the surface of an individual cell to water (cm sec-' atm-1), 9 is the diffusion pressure deficit (atm), T is the cell turgor pressure (atm), P is the osmotic pressure of the cell contents (atm), V is the cell volume 1 
